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From the Department of Molecular Genetics and Microbiology, Center for Infectious Diseases, Stony Brook University, Stony Brook, New York 11794-5120
In contrast to typical membrane proteins that span the lipid bilayer via transmembrane ␣-helices, bacterial outer membrane proteins adopt a ␤-barrel architecture composed of antiparallel transmembrane ␤-strands. The topology of outer membrane proteins is difficult to predict accurately using computer algorithms, and topology mapping protocols commonly used for ␣-helical membrane proteins do not work for ␤-barrel proteins. We present here the topology of the PapC usher, an outer membrane protein required for assembly and secretion of P pili by the chaperone/usher pathway in uropathogenic Escherichia coli. An initial attempt to map PapC topology by insertion of protease cleavage sites was largely unsuccessful due to lack of cleavage at most sites and the requirement to disrupt the outer membrane to identify periplasmic sites. We therefore adapted a site-directed fluorescence labeling technique to permit topology mapping of outer membrane proteins using small molecule probes in intact bacteria. Using this method, we demonstrated that PapC has the potential to encode up to 32 transmembrane ␤-strands. Based on experimental evidence, we propose that the usher consists of an N-terminal ␤-barrel domain comprised of 26 ␤-strands and that a distinct C-terminal domain is not inserted into the membrane but is located instead within the lumen of the N-terminal ␤-barrel similar to the plug domains encoded by the outer membrane ironsiderophore uptake proteins.
All bacterial outer membrane (OM) 1 proteins with known structures span the membrane via a series of transmembrane (TM) antiparallel ␤-strands arranged to form a ␤-barrel (1) (2) (3) (4) . Proteins found in the OM of mitochondria and chloroplasts also adopt similar ␤-barrel folds (5) . Only six to nine residues are required for a ␤-strand to cross the central non-polar region of the lipid bilayer (4) , and only half of these need to be hydrophobic since only alternating residues face into the bilayer. This makes prediction of TM ␤-strands by sequence analysis difficult. Furthermore protocols typically used to map the topology of ␣-helical membrane proteins are not applicable to OM proteins. For example, alkaline phosphatase (PhoA) fusions are commonly used to identify periplasmic regions of inner membrane proteins (6) . However, PhoA cannot be used to map OM proteins reliably as the large PhoA insertion folds in the periplasm and disrupts proper assembly of proteins in the OM (7) . Smaller insertions are generally tolerated in surface and periplasmic loops of ␤-barrel proteins, and introduction of epitopes and protease cleavage sites has been used to map OM proteins (7) (8) (9) (10) (11) . However, the mapping of such insertions in whole bacteria may be critically affected by the membrane or protein structure, and mapping of periplasmic regions requires disruption of the OM with the potential for misleading results (7, 9 -11) . To overcome these difficulties, we adapted a sitedirected fluorescence labeling protocol for topology mapping of OM proteins. Our method only requires insertion or substitution of single cysteine residues and permits analysis of OM proteins in their native state in intact bacteria.
We used this protocol to map the topology of the PapC usher protein, which is required for assembly and secretion of P pili in uropathogenic Escherichia coli (12, 13) . P pili are composite structures built from multiple pilus subunits (14, 15) . The PapG adhesin, located at the pilus tip, binds to Gal␣(1-4)Gal moieties present in kidney glycolipids, and P pili are key virulence factors for the development of pyelonephritis (16, 17) . P pili are assembled by the chaperone/usher secretion pathway, which is responsible for biogenesis of a superfamily of surface structures associated with virulence (18) . Pilus subunits cross the inner membrane in an unfolded form via the Sec general secretory pathway (19, 20) and then must interact with the PapD chaperone in the periplasm. The chaperone acts by a mechanism termed donor strand complementation that couples subunit folding with the simultaneous capping of subunit interactive surfaces (21) (22) (23) . Chaperone-subunit complexes must next target to the PapC usher in the OM for pilus biogenesis. The usher serves as a pilus assembly platform as well as a secretion channel (13, 24 -26) . Pilus assembly is thought to occur at the periplasmic face of the usher concomitant with secretion of the pilus fiber through the usher to the cell surface (18) . Chaperone-subunit complexes initially target to an Nterminal region of the usher consisting of the first 124 -139 residues of the mature N terminus (27, 28) . The complexes subsequently form stable interactions with the usher C terminus, which is required for subunit assembly into pili and secretion to the cell surface (29, 30) . Pilus assembly occurs by a mechanism termed donor strand exchange in which chaperone-subunit interactions are replaced by subunit-subunit interactions (21, 31, 32) . Donor strand exchange allows subunits to undergo a topological transition to a lower energy state, presumably providing the driving force for pilus biogenesis at the usher.
Mature PapC contains 809 amino acids and has a molecular mass of 88.2 kDa. Computer modeling of the PapC topology predicted 24 TM ␤-strands, and analysis of PapC by circular dichroism confirmed a largely ␤-sheet secondary structure (30) . The usher C terminus forms a distinct domain that is not required for proper folding of the ␤-barrel in the OM (30) . PapC assembles into an oligomeric complex and forms channels 2-3 nm in diameter (24) , large enough to allow secretion of folded pilus subunits. Detailed knowledge of the arrangement of the usher in the lipid bilayer is essential for understanding the molecular mechanisms of pilus assembly and secretion across the bacterial OM. Based on our topology mapping results and experiments showing that the usher C terminus is tightly associated with the OM, we propose that the usher folds with an N-terminal ␤-barrel domain comprised of 26 TM ␤-strands and that the C terminus is located within the barrel channel in a fashion analogous to the plug domains found in OM ironsiderophore uptake proteins (33) (34) (35) (36) .
EXPERIMENTAL PROCEDURES
Strains and Plasmids-E. coli strain DH5␣ (37) was used for plasmid manipulations; strain AAEC185 (38) , which lacks the chromosomal fim genes coding for type 1 pili, was used for hemagglutination assays (HAs); and strain SF100 (39) , which lacks the OmpT protease, was used for analysis of the PapC constructs and for the topology mapping experiments. Strain XL-3 was used for analysis of the OxlT constructs (40) . Strains were grown in LB broth containing appropriate antibiotics at 37°C with aeration. Plasmids used in this study are listed in Supplemental Table I . PapC expression was induced at an A 600 of 0.6 for 1 h with 0.1% L-arabinose, and the ⌬papC pap operon from plasmid pMJ2 was induced with 0.05 mM isopropyl ␤-D-thiogalactoside. Plasmids expressing the single cysteine OxlT variants G49C or D104C were induced at an A 600 of 0.6 for 1 h with 1 mM isopropyl ␤-D-thiogalactoside.
Plasmids designated pNH (Supplemental Table I ), encoding single cysteine substitution or insertion mutants of PapC, were derived from plasmid pMJ3, which encodes WT PapC with a C-terminal hexahistidine tag (His tag), using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). Primers used for mutagenesis are listed in Supplemental Table I . All mutations were verified by sequencing. Random insertion of tobacco etch virus (TEV) protease sites into PapC was performed using the TnTAP transposon as described previously (41) . Briefly pMM1 was transformed into DH5␣/pMJ3, and a single Amp r , Tet r colony was selected for overnight growth and plasmid isolation. Plasmids were digested with NheI and transformed into DH5␣, selecting for Amp r , Kan r , and Tet s . The colonies were then screened for PhoA activity using 5-bromo-4-chloro-3-indolyl phosphate indicator plates. Blue colonies were selected and screened by PCR for insertion of TnTAP into papC using the primer UPSTRMPAPC (5Ј-GAAGCGCTGGATTA-CACCCTCAG-3Ј), which binds upstream of the papC open reading frame, and primer TNTAPPHOA (5Ј-GCAGTAATATCGCCCTGAG-CAGC-3Ј), which binds to phoA within the TnTAP transposon. Plasmids containing TnTAP insertions in papC were isolated, and the insertion junctions were determined by sequencing using the TNTAPPHOA primer. Finally the phoA and neo reporter genes of TnTAP were removed by digesting the plasmids with NotI and religating to produce the plasmids designated pHG (Supplemental Table I ), which code for PapC proteins containing in-frame insertions of the 24-residue sequence LTLIHKFENLYFQSAAAILVYKSQ (the TEV protease recognition site is underlined).
HA-Analysis of pilus biogenesis by HA was performed as described previously (30) using AAEC185/pMJ2 (⌬papC pap operon) complemented with pMON6235⌬cat (vector), pMJ3 (WT PapC), or one of the PapC mutants.
Heat-modifiable Mobility Shift Assay-Expression and folding of the various PapC mutants in the OM was analyzed using a heat-modifiable mobility shift assay as described previously (27) .
Digestion of TnTAP Insertion Mutants of PapC with TEV ProteasePapC mutants containing TnTAP insertions were tested for susceptibility to cleavage by TEV protease as described previously (41) using whole bacteria or isolated OM. OM was isolated as described previously (30) . Samples were subjected to SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Osmonic Inc., Gloucester, MA). Cleavage of PapC was monitored by blotting with anti-PapC or anti-His tag (Covance, Richmond, CA) antibodies followed by an alkaline phosphatase-conjugated secondary antibody (Sigma). The blots were developed with 5-bromo-4-chloro-3-indolyl phosphate-nitro blue tetrazolium substrate (KPL, Gaithersburg, MD).
Site-directed Fluorescence Labeling-This protocol was adapted from the method used by Ye and coworkers (40) to map the inner membrane protein OxlT. A 20-ml culture of SF100 expressing WT PapC or one of the PapC mutants was harvested, resuspended in 2.6 ml of buffer A (100 mM potassium sulfate, 50 mM potassium phosphate, pH 8.0), and divided into two equal aliquots. Freshly prepared 4-acetamido-4Ј-maleimidylstilbene-2-2Ј-disulfonic acid (AMS, Molecular Probes, Eugene, OR) was added to one aliquot to 100 M final concentration, and the aliquots were incubated at room temperature (RT, 25°C) for 7 min. Both aliquots were washed three times with buffer A, and then Oregon green 488 maleimide (OGM, Molecular Probes) was added to 40 M final concentration to both aliquots. The samples were incubated in the dark at RT for 15 min, the reaction was quenched by addition of 6 mM ␤-mercaptoethanol, and the aliquots were washed three times with buffer A. The bacteria were then resuspended in 1 ml of 20 mM Tris-HCl (pH 8.0) containing protease inhibitors for isolation of OM as described previously (27) . The OM pellet was resuspended in 20 mM Tris (pH 8.0), 0.3 M NaCl, 0.5% dodecylmaltoside (DDM, Anatrace, Maumee, OH) and solubilized overnight by rocking at 4°C. After spinning out insoluble material (16,100 ϫ g, 30 min, 4°C), imidazole was added to 20 mM final concentration, and the mixture was rocked for 30 min at RT with 50 l of 50% nickel-nitrilotriacetic acid resin (Qiagen, Chatsworth, CA) to bind the His-tagged PapC. The nickel-nitrilotriacetic acid resin was then washed three times with 20 mM Tris (pH 8.0), 0.3 M NaCl, 20 mM imidazole, 0.1% DDM. The supernatant was removed, 25 l of 2ϫ SDS-PAGE sample buffer was added to the resin, the sample was incubated at 95°C for 10 min, and 18 l was loaded on a 10% gel. After electrophoresis, the fluorescence profile was obtained by scanning with a STORM fluorescence imaging system (Amersham Biosciences) using the blue fluorescent chemifluorescence mode (excitation wavelength of 450 Ϯ 30 nm). The same gel was then stained with Coomassie Brilliant Blue R-250, scanned using a GS-710 densitometer (Bio-Rad), and analyzed with Quantity One software (Bio-Rad). The fluorescence value for each PapC band was normalized to its protein level determined from Coomassie staining. Then the ratio of the normalized OGM signal without AMS pretreatment to the normalized OGM signal with AMS pretreatment was calculated for each PapC to give the -fold reduction in OGM labeling due to pretreatment with AMS. Control PapC constructs containing cysteines at known surface and periplasmic locations were included in all assays; this was important to monitor the quality of the AMS reagent. All PapC mutants were analyzed at least twice.
As an alternative to AMS, Alexa Fluor 594 C 5 maleimide (Molecular Probes) was used in the above protocol at a final concentration of 100 M and an incubation time of 15 min. The specificity of AMS as a blocking agent for surface-exposed residues was tested using the OxlT mutants G49C and D104C, which contain periplasmic cysteines (40) . The OxlT mutants were assayed using AMS as a blocking agent according to our protocol described above or using methanethiosulfonate ethyltrimethylammonium (Biotium Inc., Hayward, CA) as a blocking agent (2 mM final concentration for 10 min) as described previously (40) .
PapC mutants that did not label with OGM in intact bacteria were subsequently analyzed by labeling with OGM after solubilization with DDM or denaturation with SDS (42) . For labeling of solubilized PapC, OM was extracted with DDM as described above, but before the addition of imidazole samples were incubated for 15 min at RT with 40 M OGM. The reaction was quenched with 6 mM ␤-mercaptoethanol, and protein was purified and analyzed as described above. For labeling of denatured PapC, purified protein was isolated as described above but boiled in sample buffer without ␤-mercaptoethanol. OGM was added to 1 mM, and the samples were incubated for 15 min at RT. The samples were then subjected to SDS-PAGE and analyzed as described above.
Association of the PapC C Terminus with the OM-OM was isolated from SF100/pMJ3 as described previously (30) . A final concentration of 50 g/ml L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin (Sigma) was added to 0.2 mg OM (as determined by the bicinchoninic acid protein assay, Pierce). After incubation on ice for 2 min, digestion was terminated by addition of 1 ml of 20 mM HEPES (pH 7.5), 0.3 M NaCl, 1 mM phenylmethylsulfonyl fluoride. The OM was pelleted by centrifugation (80,000 ϫ g, 1 h, 4°C) and resuspended in 1 ml of 20 mM HEPES (pH 7.5), 0.3 M NaCl, 1 mM phenylmethylsulfonyl fluoride.
Samples were treated on ice for 1 h with NaOH (0.01, 0.05, or 0.1 M), urea (4 or 6 M), 1 M NaCl, or 0.2 M Na 2 CO 3 or were sonicated (4 min, 30 s on, and 30 s off) in a water bath sonicator (Misonix). The membrane and soluble fractions were then separated by centrifugation (80,000 ϫ g, 1 h, 4°C). The supernatant fractions were precipitated by addition of trichloroacetic acid. Both the membrane and trichloroacetic acid pellets were treated with SDS-PAGE sample buffer at 95°C for 10 min, resolved by SDS-PAGE, and blotted with an anti-His tag antibody as described above.
RESULTS

Identification of Two Surface Loops of PapC by TEV Protease
Cleavage-As a first approach to map the topology of the usher, we generated random insertions of the TEV protease recognition sequence in PapC using the TnTAP transposon (41) . TnTAP was designed specifically for analysis of OM proteins and results in a final in-frame insertion of a 24-residue sequence carrying the TEV protease cleavage site. We isolated 29 unique TnTAP insertions in PapC that were stably expressed in the OM (Fig. 1) . Approximately one-third of the insertions were isolated more than once with a pronounced hotspot for insertion following residue Val-76 (V76TEV ins ) in a large periplasmic loop of PapC (Fig. 1 ). This loop also contained the highest concentration of TnTAP insertions. In other regions of PapC, notably the C terminus, we were unable to isolate insertions. The insertion sites in PapC define regions flexible enough to accommodate the 24-residue TnTAP sequence. The non-random distribution of insertions was thus as least partly attributable to the screening procedure, which selected for stable, in-frame insertions in PapC (41) .
To confirm that the PapC mutants containing TnTAP insertions were folded properly in the OM, we took advantage of the fact that PapC, in common with other OM ␤-barrel proteins, is resistant to denaturation by SDS unless incubated at high temperatures and thus exhibits a characteristic heat-modifiable mobility on SDS-PAGE (24) . Each of the TnTAP insertion mutants exhibited heat-modifiable mobility, indicating proper folding of the PapC ␤-barrel (data not shown). We next assessed functionality of the TnTAP insertion mutants by testing their ability to complement a ⌬papC pap operon for assembly of adhesive pili by HA. The majority of the insertion mutants (22 of 29, Fig. 1 ) were defective for pilus biogenesis, having HA titers of 0 -8 compared with a WT HA titer of 64 (Supplemental Table II ). The functional defects found with the TnTAP insertion mutants are not surprising given the large size of the inserted sequence.
Although most of the TnTAP insertion mutants were not functional for pilus biogenesis, we proceeded with topology mapping studies as all were able to adopt a correct ␤-barrel fold in the OM. TEV protease was added to whole bacteria or to isolated OM, and cleavage of the usher was monitored by immunoblot analysis using anti-His tag or anti-PapC antibody. Three of the TnTAP insertion mutants (A124TEV ins , R138TEV ins , and S194TEV ins ) were clearly cleaved in whole bacteria, indicating a surface location (Fig. 2) . These insertions occurred in two N-terminal loops predicted to be surface-exposed by a prior modeling study (30) . These two loops are also the largest surface loops present in the ␤-barrel region of PapC (Fig. 1, see below) . Three additional TnTAP insertion mutants (G30TEV ins , A69TEV ins , and D74TEV ins ) were cleaved by TEV protease in isolated OM but not in whole bacteria, suggesting a periplasmic location (data not shown). However, we could not discriminate against the possibility that these insertions instead were located at the surface but only became exposed upon isolation of the OM. This is a major limitation of topology mapping protocols that require membrane disruption to reach internal sites. None of the remaining TnTAP insertions in PapC was cleaved by TEV protease in either whole bacteria or OM (data not shown). This was surprising given that the insertion mutants were stably expressed, and the large size of the inserted sequence should favor exposure of the cleavage site. The TEV protease may not have been able to recognize the cleavage sites due to local conformational effects, or the sites may have been sterically blocked by protein or membrane structure (7, 9 -11) .
Development of a Site-directed Fluorescence Labeling Protocol for OM Proteins-Given the problems encountered with topology mapping using protease cleavage, we sought to develop a protocol that would allow accurate determination of periplasmic regions and would be less susceptible to steric interference. Small molecule probes that differ in their ability to cross the OM would meet these criteria. Sulfhydrylreactive molecules have been used extensively in combination with cysteine mutagenesis to study the topology of ␣-helical membrane proteins (43) . In particular, Ye and coworkers (40) used site-directed fluorescence labeling to map the topology of the inner membrane oxalate/formate transporter OxlT in intact bacteria. They created single cysteine mutants of OxlT and measured reactivity with the thiol-directed fluorescent probe OGM. OGM labeled periplasmic cysteines of OxlT in intact bacteria, indicating that OGM freely crossed the OM presumably through the porins. They also demonstrated that pretreatment of intact bacteria with a non-fluorescent, thiolspecific probe blocked OGM labeling of periplasmic cysteines (40) . Based on these results, we reasoned that OGM should label both periplasmic and surface-exposed cysteines of an OM protein, providing a control for exposure of the residue to the medium and ability of the residue to be labeled. To differentiate surface-exposed from periplasmic cysteines, we needed a blocking agent that would not cross the OM. The OmpF porin allows diffusion of small molecules up to ϳ500 Da in size with a preference for cationic molecules (44) . The thiol-reactive molecule AMS, which has been used as a blocking agent for topology mapping studies (43, 45) , has a molecular mass of 536 Da and a dianionic charge; therefore, it should only slowly cross the OM through the porins. AMS does not fluoresce at the excitation wavelength used to detect OGM and could therefore function as a blocking agent.
Studies using sulfhydryl-reactive probes typically are performed on proteins naturally lacking or engineered to lack cysteines. Alternatively cysteines may be present in the native protein if they are not available to interact with the probe and if they do not interfere with analysis of the introduced cysteines (43) . WT PapC has conserved cysteine pairs at its N and C termini (Fig. 1) . These cysteine pairs form intramolecular disulfide bonds that stabilize their respective N-and C-terminal periplasmic regions but are not required for proper folding of the PapC ␤-barrel (27, 30) . WT PapC did not react with OGM, confirming that the cysteines were paired. A cysteineless PapC was constructed in which all four cysteines were substituted with alanine, but this mutant was not functional for pilus biogenesis and was too unstable to be used for topology mapping. 2 We also tested PapC mutants in which only one of the cysteine pairs was replaced with alanines. Although the Nterminal cysteine pair was required for PapC function (27) , the C-terminal cysteine pair was not 3 ; however, both constructs were subject to increased degradation that limited their usefulness for the topology mapping studies. Therefore, we performed our mapping experiments with WT PapC containing the four native cysteines, reasoning that mispairing of the native cysteines with an introduced cysteine would cause obvious structural and/or functional defects in PapC. Importantly the majority of the PapC cysteine mutants we constructed were functional for pilus biogenesis and able to fold correctly in the OM (see below).
We tested our experimental design using the PapC cysteine substitution mutant S137C and the alanine substitution mutant C805A, which contain surface and periplasmic cysteines, respectively. S137C is located in the surface loop identified by cleavage of R138TEV ins (Fig. 1) . Cys-805 and Cys-787 form the conserved C-terminal cysteine pair of PapC. The C805A mutation leaves Cys-787 unpaired and available for labeling. Previous studies have located the conserved cysteine pairs of the ushers to the periplasm (30, 46) . Both the S137C and C805A PapC mutants folded correctly in the OM as determined by the heat-modifiable mobility assay and were functional for pilus biogenesis as measured by HA (Supplemental Table III ). Incubating intact bacteria expressing PapC S137C or C805A with 40 M OGM for 15 min labeled both cysteines equally well, confirming that OGM readily crosses the OM. By varying the conditions, we found that pretreatment of bacteria with 100 M AMS for 7 min resulted in a 12-fold reduction in subsequent OGM labeling of the surface-exposed S137C. In contrast, OGM labeling of the periplasmic Cys-787 was reduced by only 2.4-fold, indicating slow permeation of AMS across the OM as predicted. We also tested the thiol-reactive probe Alexa Fluor 594 C 5 maleimide as an alternative blocking agent to AMS. Alexa Fluor 594 has a molecular mass of 909 Da, is negatively charged, and does not fluoresce at the excitation wavelength used to detect OGM. Results with the Alexa Fluor were equivalent to those generated with AMS (7.3-fold reduction in OGM labeling of S137C and a 2.2-fold reduction for C805A). The fact that we did not get better discrimination with the larger Alexa Fluor may have been due to the longer incubation time we used with this reagent (see "Experimental Procedures"). Also the penetration of larger molecules across the OM is not strictly correlated with size but depends on their structural flexibility as well as their charge state (44) . We chose to use AMS for the subsequent mapping experiments due to its lower cost. To confirm the specificity of AMS as a blocking agent for surface residues, we tested our protocol on the OxlT mutants G49C and D104C that contain single cysteines located in the periplasm (40 OxlT constructs by only 2.5-and 1.9-fold, respectively. In contrast, pretreatment with methanethiosulfonate ethyltrimethylammonium, a blocking agent that readily crosses the OM (40), reduced OGM labeling by 24-and 27-fold, respectively. This confirms that AMS preferentially blocks surface residues and can be used in combination with OGM to map the topology of OM proteins.
Site-directed Fluorescence Labeling of PapC-Having established and verified our protocol, we constructed an extensive set of single cysteine insertions and substitutions throughout PapC. We initially chose sites predicted to be in surface or periplasmic loops based on previous modeling (30) . We then constructed additional mutations as needed to clarify and revise the PapC topology. The native N-and C-terminal cysteine pairs of PapC were analyzed in the fluorescence assay using mutants in which one of the cysteines was substituted with alanine as described above. In total, we analyzed 115 PapC cysteine mutants as summarized in Fig. 1 and Supplemental Table III . Each of the PapC single cysteines mutants was also analyzed for function by HA and for effects on protein folding by the heat-modifiable mobility assay. Cysteines are generally well tolerated in proteins, and most of the mutants were expected to be functional. Indeed only 18 of the 115 cysteine mutants were defective for pilus biogenesis with HA titers from 0 -8 ( Fig. 1 , symbols with black borders, and Supplemental Table III ). Furthermore only four cysteine mutants caused defects in heat-modifiable mobility, indicating an effect on stability of the ␤-barrel (Fig. 1 , open symbols, and Supplemental Table III ). These PapC mutants most likely could adopt a correct overall fold as they were functional for pilus biogenesis by HA.
Cysteines were judged to be located in the periplasm if pretreatment with AMS reduced OGM labeling by 1-4-fold (Fig. 1,  marked red) . Cysteines were judged to be located at the cell surface if they showed a 6-fold or higher reduction in OGM labeling (Fig. 1, marked green) . Note that the distinction between surface and periplasmic cysteines was generally very clear with the majority (23 of 35) of surface-located cysteines fully blocked (no detectable OGM signal) by pretreatment with AMS; only seven surface-located cysteines showed less than a 10-fold reduction in labeling (Supplemental Table III ). Representative labeling results are presented in Fig. 3 . A subset of the PapC cysteine mutants did not label with OGM in intact bacteria. One class of these mutants could be labeled following extraction of PapC from the OM with DDM (Figs. 1, marked  yellow, and 3B ). These cysteines mapped near the membrane interface or in periplasmic loops and were likely located in regions that were protected from labeling by the membrane or were in structured regions of PapC that blocked access of OGM. Solubilization of PapC from the OM either exposed residues that were blocked by the membrane or caused an opening of the usher structure to allow OGM access. Interestingly no cysteines in this class were found in surface loops. The larger periplasmic loops of PapC must be structured in the native state of the protein so as to block access of OGM to the cysteines. A second class of PapC cysteine mutants that did not label in intact bacteria could only be labeled following denaturation of the protein with SDS (Figs. 1, marked blue, and 3C ). These cysteines presumably were located in TM regions of PapC that remained protected by detergent even after solubilization from the OM.
Anomalous labeling results were obtained for a small number of cysteine mutants. The cysteine insertion following residue Gly-397 (G397C ins ) and six cysteine substitution mutants (S248C, T484C, S544C, S553C, T570C, and S581C) labeled in the fluorescence assay as though they were periplasmic (Supplemental Table III ). However, these residues were assigned to the surface (Fig. 1) based on consideration of mapping data from cysteines in the surrounding region as well as additional criteria as described below to generate the best possible overall fit with the topology model. Each of these cysteines that mislabeled as periplasmic were located at or close to the OM surface (Fig. 1) . AMS may have difficulty accessing these residues possibly due to electrostatic or steric effects at the membrane surface that do not affect OGM to the same extent. Thus, AMS would not block efficiently, thereby erroneously reporting a periplasmic location. Anomalous results were also obtained for four cysteine mutants (S345C, Y531C ins , G533C ins , and N560C ins ), which labeled in the fluorescence assay as though they were surface-exposed but were assigned to the periplasm based on data from surrounding mutants (Fig. 1) . PapC is capable of forming channels 2-3 nm in diameter (24) . OGM and AMS would be expected to easily pass through a channel of this size, which, if this occurred, would have prevented discrimination of periplasmic from surface residues. Previous analysis demonstrated that the PapC channels are likely in a predominantly closed conformation (24) . Three of the four residues that labeled as surface (Y531C ins , G533C ins , and N560C ins ) are located near each other in the PapC topology map and also close to residue S507C, which labels as surface but maps to the center of a TM strand (Fig. 1) . These residues may define a probe-accessible channel present in the closed state of PapC.
Two additional cysteines (R688C ins and K727C ins ) labeled in the fluorescence assay as though they were surface-exposed but were assigned to the periplasm (Fig. 1) . These two cysteine mutants, as well as G758C ins , were not functional for pilus biogenesis with HA titers of zero. Note that these defective cysteine mutants alternated in the C terminus with functional mutants containing surface-exposed cysteines (D666C ins , S707C, and S741C). These results suggest that the R688C ins , K727C ins , and G758C ins cysteines (Fig. 1, marked with an asterisk) were located in the periplasm and mis-disulfide bonded with the native C-terminal cysteine pair, causing the HA defects and giving a false localization signal. In contrast, the D666C ins , S707C, and S741C cysteines were located at surface sites where they could not interact with the native cysteines and thus were fully functional and properly labeled in the fluorescence assay. Note that the mispaired cysteines did not interfere with proper folding of the PapC ␤-barrel as determined by the heat-modifiable mobility assay. This is not unexpected as it was previously shown that the C terminus does not form part of the core ␤-barrel structure of PapC (30) .
Topology Model for PapC-Taken together, the mapping results described above are consistent with PapC having 32 TM ␤-strands as presented in Fig. 1 . Several criteria in addition to the topology mapping results were used to position the TM strands with respect to the OM bilayer. An alignment of 98 PapC homologs, generated by the Jnet program (47) , was used to identify conserved stretches of alternating hydrophobic residues. Such conserved regions are characteristic of TM ␤-strands (4). A minimum of six residue or three consecutive alternating hydrophobic residues are required for a ␤-strand to cross the central non-polar region of the bilayer, although typically seven to nine residues are used (4). The TM ␤-strands of PapC were positioned to meet this minimum requirement with most strands having four or more consecutive alternating hydrophobic residues (Fig. 1) . OM ␤-barrel proteins commonly have belts of aromatic residues located at the positions of the phospholipid head groups (1, 3) . This characteristic was also used as a guide for positioning the TM ␤-strands of PapC (Fig.  1) . In support of our model, TnTAP insertions were not isolated in central regions of the TM strands where they would be expected to disrupt the ␤-barrel structure. Insertion of single cysteines at the beginning or middle of a TM ␤-strand also might disrupt protein structure or function as this would change the alternating hydrophobic register of the strand. Three cysteine insertions (G397C ins , Q518C ins , and V520C ins ) were created at such locations (Fig. 1) . The Q518C ins and V520C ins mutations had no effect on PapC structure or function, but the altered register created by these insertions also encodes hydrophobic amino acids (Fig. 1) . In the case of G397C ins where the altered register is not hydrophobic, this mutant had a HA defect.
The last 169 residues of PapC (following Ala-640) are not required for correct folding of the usher into an SDS-resistant structure in the OM (30) . Therefore, this region of the C terminus cannot form part of the core ␤-barrel structure of PapC. Since all OM proteins with known structures have an even number of TM ␤-strands (3), we propose that the PapC ␤-barrel consists of 26 TM strands and is comprised of residues from the N terminus through Asn-587 (Fig. 1) . The region of PapC from Ser-588 to the end would then form a separate domain. Interestingly a new computer algorithm for structural analysis of OM ␤-barrel proteins (48) identified TM ␤-strands in PapC from the N terminus through residue Leu-586 and predicted that the remainder of the usher resides in the periplasm. In contrast, a previous computer-generated topology model of PapC identified TM strands throughout the C terminus (30) , and our current mapping data identified both surface and periplasmic residues in this region, consistent with the presence of six TM ␤-strands (Fig. 1) . Three possible models could account for these results. (i) The C terminus does contain TM ␤-strands, and these form a separate integral membrane region; (ii) the C terminus does not contain transmembrane regions but instead is located entirely in the periplasm, and the regions that mapped as surface are located near or below the PapC channel; or (iii) the C terminus does not contain TM ␤-strands but instead inserts within the N-terminal 26-stranded ␤-barrel, similar to the plug domain found in FhuA and related iron-siderophore uptake proteins (33) (34) (35) (36) .
The PapC C Terminus Is Tightly Associated with the OM-To begin to differentiate among the models proposed above, we analyzed the association of the PapC C terminus with the OM. Limited trypsin digestion of isolated OM cleaves PapC between Arg-652 and Leu-653, producing two fragments: an ϳ70-kDa N-terminal fragment and an ϳ20-kDa C-terminal fragment (30) . We reasoned that if the C terminus resided strictly in the periplasm, the 20-kDa fragment should move to the supernatant fraction following cleavage. If it was peripherally associated with the OM or the PapC ␤-barrel, we should be able to extract it from the membrane under relatively mild conditions. In FhuA, the plug domain makes extensive contacts with the interior of the ␤-barrel, including nine salt bridges and more than 60 hydrogen bonds, and would not be easily removed (34, 35) . Likewise if the PapC C terminus was located within the ␤-barrel, it should be extracted only under harsh conditions. Harsh conditions would also be required to extract the C terminus from an integral membrane location. Without treatment, full-length PapC and the 20-kDa C-terminal fragment were found exclusively in the membrane fraction (Fig. 4) . Thus, the C terminus does not exist in the periplasm free of the rest of PapC or the OM. We next subjected protease-treated OM to extraction with various agents. Under relatively mild conditions (bath sonication, 1 M NaCl, 0.2 M Na 2 CO 3 , or 0.01 M NaOH), full-length PapC and the 20-kDa fragment were located solely in the membrane fraction (Fig. 4 and data not shown), suggesting tight association of the C terminus with the OM. Under harsher conditions (4 or 6 M urea or 0.05 or 0.1 M NaOH), the C-terminal fragment partly or completely moved to the soluble fraction (Fig. 4 and data not shown). Note that full-length PapC was partly extracted under these conditions but to a much lesser extent than the C-terminal fragment. These data are consistent with insertion of the C terminus within the usher ␤-barrel. However, an integral membrane location cannot be ruled out as a C-terminal domain containing six TM ␤-strands would be extracted from the OM more readily than full-length PapC containing up to 32 TM strands. DISCUSSION We report here the development of a site-directed fluorescence labeling technique that allows the topology of bacterial OM proteins to be mapped in intact bacteria using small molecule probes. Most importantly, this method permits accurate differentiation of periplasmic from surface residues and is less susceptible to steric interference than methods relying on proteases or antibodies (7, 9 -11) . We used site-directed fluorescence labeling to map the topology of the PapC usher. Based on our mapping results and analysis of the usher C terminus, we propose that PapC, and presumably other members of the usher superfamily, consist of an N-terminal 26-stranded ␤-barrel and a separate C-terminal domain. The C-terminal domain contains regions exposed to the surface and periplasm and is tightly associated with the OM. To explain these results, we propose that the C terminus inserts within the lumen of the N-terminal ␤-barrel. This topology model for PapC is similar to FIG. 4 . The PapC C terminus is tightly associated with the OM. OM containing full-length PapC was subjected to limited trypsin proteolysis, treated with the indicated agents, and centrifuged to separate membrane (P) from soluble (S) fractions. The fractions were subjected to SDS-PAGE and blotted with an anti-His tag antibody. A, full-length PapC; B, the C-terminal fragment.
the topology revealed by crystallography for FhuA and related OM proteins that function as siderophore-mediated iron importers (33) (34) (35) (36) . The FhuA C terminus folds as a 22-stranded ␤-barrel, and the N terminus forms a separate domain that inserts within the ␤-barrel, forming a plug. The plug domain of FhuA is composed of 159 residues, comparable to the 222 residues we propose for the C-terminal domain of PapC.
Previous analysis predicted that PapC contained 24 TM ␤-strands spread throughout the PapC sequence (30) . The previous model matches well with our current model for the Nterminal half of the usher but differs considerably for the C-terminal half. Topology modeling studies also misidentified the N-terminal plug domain of the iron-siderophore import proteins as containing TM strands with alternating hydrophobic residues that formed part of the ␤-barrel (8, 11) . This highlights the difficulty of predicting the topology of ␤-barrel OM proteins. Interestingly a new hidden Markov model-based prediction program (48) agreed with our identification of the N-terminal ␤-barrel region of PapC and predicted that the C terminus lacks TM strands. However, this program predicted an altered arrangement for the TM strands in the N-terminal ␤-barrel presumably because the program was trained using typical OM proteins that have large surface loops and only short periplasmic regions. The ushers, as shown in this and previous studies (30, 46, 49) , contain short extracellular loops with larger regions exposed to the periplasm. The FasD usher required for biogenesis of 987P pili in enterotoxigenic E. coli was predicted to have 28 TM ␤-strands (49), and the FaeD usher required for biogenesis of K88 pili in enterotoxigenic E. coli was predicted to have 22 TM ␤-strands (46) . Similar to our model, experimental analysis of FaeD localized a large C-terminal domain to the periplasm despite the identification of TM strands by computer analysis (46) . In contrast to our model, the first ϳ130 residues of the N termini of both FaeD and FasD were proposed to lack TM strands and reside in the periplasm (25, 46, 49) . However, this analysis was based on localization of PhoA fusions and epitope insertions, and, as noted here, these methods cannot be used to map periplasmic regions reliably.
The short surface loops of PapC may account for some of the difficulties we encountered with the TEV protease mapping experiments. The outer leaflet of the OM is composed of lipopolysaccharide (44) , and TEV cleavage sites located in short surface loops may have been obscured by the surface polysaccharides of lipopolysaccharide. Such shielding effects by lipopolysaccharide have been noted previously (10, 11) . In agreement with this, we were unable to detect c-Myc epitopes that were added to various TnTAP insertion sites by either whole bacteria enzyme-linked immunosorbent assay or immunofluorescence microscopy. 4 Isolated OM reacted well with the anti-c-Myc antibody, suggesting that surface-located epitopes were obscured in intact bacteria. This again highlights the difficulty of differentiating periplasmic from surface regions using epitope or protease mapping techniques.
Residues 1-124 of PapC, comprising the mature N terminus and the large loop containing the N-terminal cysteine pair, form the targeting site for chaperone-subunit complexes and are also required for subsequent pilus assembly events (27) . Residues 2-11 are an essential part of the chaperone-subunit targeting site (27) . In agreement with this, the L8TEV ins mutant was completely defective for pilus biogenesis (HA titer of zero), whereas a TnTAP insertion before residue Val-1 (this insertion remained part of the mature N terminus) had no effect on usher function. Six TnTAP insertions were isolated in the periplasmic loop containing the Cys-70 and Cys-97 N-terminal cysteine pair (Fig. 1) . Interestingly the two insertions prior to Cys-70 (S58TEV ins and A69TEV ins ) did not disrupt PapC function, whereas ushers containing insertions between the cysteines were not functional (all had HA titers of zero). These results demonstrate that the region between the Nterminal cysteines is critical for usher function with the cysteine pair presumably acting to properly structure this loop region. We were unable to isolate TnTAP insertions in the PapC C terminus between residue Thr-681 and the final residue Lys-809 (Fig. 1) , implying that the structure of the C terminus is sensitive to perturbation. This seems contrary to the finding that the C terminus is not necessary for formation of a stable ␤-barrel by PapC. However, we have previously noted that small deletions or alterations in the C terminus can destabilize the usher, leading to protein degradation (30) . 5 A similar phenomenon was noted for the C terminus of the FaeD usher (46) and also was described for the N-terminal plug domain of FhuA (8) .
As expected, the majority of the single cysteine insertion or substitution mutations in PapC did not affect usher function. Most of the cysteine mutations that did cause HA defects were located in surface loops (Fig. 1) . This was contrary to expectations as interactions of PapC with chaperone-subunit complexes are thought to occur mainly on the periplasmic face of the usher. In particular, six of seven mutations in the surface loop from Leu-246 to Gly-259 completely disrupted usher function, giving HA titers of zero ( Fig. 1 and Supplemental Table  III ). This loop may be important for interactions with the pilus fiber during secretion. Alternatively the loop may fold back into the usher channel to contact pilus subunits, or it could be important for conformational changes that occur in the usher during pilus biogenesis.
A recent high resolution electron microscopy study of PapC demonstrated that the usher assembles as a dimeric, twin pore complex. 6 Each PapC monomer has dimensions of ϳ5 ϫ 7 nm in diameter and contains an apparent central channel of ϳ2 nm in diameter. By comparison, FhuA measures ϳ4 ϫ 5 nm in diameter, and the channel of the 22-stranded FhuA ␤-barrel, which is occluded by the N-terminal plug domain, measures roughly 2-3 nm in diameter (34, 35) . Therefore, a 26-stranded PapC ␤-barrel could easily form a 2-nm channel. Electron microscopy analysis of a PapC truncation mutant lacking the C-terminal 169 residues revealed that it has the same overall shape, size, and apparent central channel as full-length PapC but with an altered dimerization interface. 6 Together with the topology model presented here, this strongly suggests that the PapC channel is formed by the N-terminal ␤-barrel domain and that the C terminus forms a structurally distinct domain. The location of the C-terminal domain could not be discerned from the electron microscopy structures, 6 but the tight association of the C terminus with the OM argues for either an integral membrane location or insertion within the N-terminal ␤-barrel. Based on the evidence described above and by structural homology with FhuA, we favor the latter interpretation. The PapC C terminus is required for stages of pilus biogenesis subsequent to the initial targeting of chaperone-subunit complexes (30) . A pluglike C-terminal domain might act to control access of chaperone-subunit complexes to the usher channel. Following the targeting of chaperone-subunit complexes to the usher N terminus, complexes form stable interactions with the usher C terminus (29, 30) . Interaction of chaperone-subunit complexes with the usher C terminus might induce rearrange- ment or gating of the C terminus, opening the usher channel for fiber assembly and secretion to the cell surface.
